Introduction
Acute myeloid leukemia (AML) is a heterogeneous group of hematopoietic malignancies originating from transformed hematopoietic stem cells and myeloid progenitor cells. The standard induction chemotherapy for AML commonly consists of a deoxycytidine analog (Ara-C), an anthracyclin and etoposide (ETP). 1, 2 Although most patients achieve complete remission after initial treatment, due to frequent relapse and toxicity of futile chemotherapy, the long-term overall remission rate is only 30%-40%. 3 The main cause of relapse is the persistence of leukemic stem cells that are refractory to cell death induced by chemotherapeutic drugs. 4 In regard to the mechanism of action of chemotherapeutic drugs, including ETP, one of the first identified topoisomerase II inhibitors, 5 in addition to inducing the inhibition of DNA synthesis and DNA double-strand breaks, the elevated generation of reactive oxygen species (ROS) has also been known as a critical mediator to induce cell death of AML. [6] [7] [8] [9] Therefore, exploiting ROS-induced cytotoxicity or abrogating the antioxidant capacity of resistant AML cells holds the promise to enhance the therapeutic benefits of induction chemotherapy. 10 Homoharringtonine (HHT), a plant alkaloid derived from cephalotaxus fortune, has been widely used for the treatment of myelogenous leukemia for the past 30 years in China. 11 In 2012, omacetaxine mepesuccinate, a highly purified HHT compound, was approved by the Food and Drug Administration for treating chronic myeloid leukemia (CML) after the treatment failure of tyrosine kinase inhibitors. 12 Additionally, HHT also exhibits considerable therapeutic efficacy and serves as an adjunct for treating AML. 2, [13] [14] [15] Although previous studies have associated the inhibition of protein synthesis and cell apoptosis with the action of HHT, the anti-leukemic mechanisms of HHT are still largely unknown. 16, 17 Recently, one clinic study has shown that the induction chemotherapy of HHT in combination with cytarabine and ETP is effective when treating AML. 18 Moreover, ETP-resistant human cancer cells exhibit sensitivity to HHT. 19 These observations imply that these cancer cells have no obvious cross-resistance to HHT and ETP. In the current study, we report the ROS-dependent synergistic cytotoxicity of HHT and ETP in AML cells, in which the disrupted thioredoxin-mediated antioxidant defense plays an important role.
Materials and methods antibodies and reagents
The antibodies and reagents used in this study were purchased from the following sources: cleaved caspase-9 (ab25758; abcam, Cambridge, MA, USA), cleaved caspase-3 (C8487; Sigma-Aldrich Co., St Louis, MO, USA), PARP (9542; Cell Signaling, Danvers, MA, USA), thioredoxin (abcam, ab26320), GAPDH (10494-1-AP; Proteintech Group, Inc., Rosemont, IL, USA), goat anti-rabbit IgG-horseradish peroxidase (HRP) (ab6721; abcam), goat anti-mouse IgG-HRP (abcam, ab6789), HHT (H0635; Sigma-Aldrich Co.), ETP (E1383; Sigma-Aldrich Co.), 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich Co., D6883), N-acetyl-lcysteine (NAC) (Sigma-Aldrich Co.; A7250).
aMl cell lines and clinical primary aMl cells
Human AML cell lines HL60 and THP1 were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA) and maintained in RPMI-1640 medium supplemented with 10% FBS at 37°C in a humidified incubator containing 5% CO 2 . For obtaining clinical primary AML cells, three patients diagnosed with de novo AMLs were recruited into the present study. The peripheral blood mononuclear cells were purified from peripheral blood by Ficoll-Hypaque (Sigma-Aldrich Co.) density gradient centrifugation, and bone marrow aspirates containing leukemic blast cells from these patients were obtained as previously described. 4 This study was conducted in accordance with the Declaration of Helsinki. Signed informed consent was obtained from each patient. The study design was approved by the Ethics Committee of Affiliated Hospital of Jining Medical University.
Cell treatment and cell viability determination HL60, THP1, and primary AML cells were treated with HHT (10 or 20 nM) or ETP (1 or 2 µM) alone or with graded concentrations of drugs at fixed ratios (HHT/ETP, 10 nM/1 µM or 20 nM/2 µM) in the presence or absence of NAC for 48 hours. These two concentrations of 10/1 and 20/2 (nM/µM, HHT/ETP) used in this study were chosen according to our pilot study, in which they showed considerable cytotoxicity among these AML cells. Control group was cultured in medium containing the same volume of vehicle. Each treatment was set with six replicates per assay, and each experiment was performed in three repeats. After treatment, the cell viability was assessed by trypan blue exclusion according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA, 15250061). The trypan blue positive cells were considered nonviable. The cell viability was calculated as the number of viable cells divided by the total number of cells within the grids on the hemacytometer. The formula used is as follows: % viable cells = (1.00 -[Number of blue cells ÷ Number of total cells]) ×100. The results were represented as relative to control group (%).
apoptosis analysis
The apoptosis of HL60, THP1, and primary AML cells was determined with the Annexin V-FITC Apoptosis Detection Kit (APOAF; Sigma-Aldrich Co.) following the manufacturer's instructions. Briefly, cells were collected and resuspended in binding buffer after washing with PBS and 0.5 µL fluorochrome-conjugated Annexin V were added into the100 µL cell suspension to incubate for 20 minutes at room temperature in the dark, and then 4 µL propidium iodide were added into the cell suspension prior to flow cytometry analysis. The percentage of apoptotic cells was determined by flow cytometry analysis (FACSCalibur Flow Cytometer; BD Biosciences, San Jose, CA, USA). Data were analyzed using the Flowjo software (Treestar Inc., Ashland, OR, USA). 
Western blot analysis
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Zhang et al using RIPA Lysis Buffer System (sc-24948; Santa Cruz Biotechnology Inc., Dallas, TX, USA) supplemented with 1% (v/v) protease inhibitor Cocktail (Promega Corporation, Fitchburg, WI, USA) on ice for 20 minutes. The tubes were flicked every 5 minutes. The whole cell lysates were then centrifuged at 12,000×g for 10 minutes at 4°C. The supernatants containing protein samples were collected and quantified using BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Protein samples were then denatured in 5× loading buffer at 100°C for 5 minutes. Western blot was performed as described previously. 20 In brief, equal amount of total proteins were loaded and resolved by SDS-PAGE. After electrophoresis, proteins were transferred onto polyvinylidene fluoride (PVDF) membrane with 0.2 µm pore size (EMD Millipore, Billerica, MA, USA). PVDF membranes blotted with proteins were washed with TBS supplemented with 0.1% Tween (TBST) and blocked with 5% skim milk (BD) in TBST solution for 1 hour at room temperature. Following block, PVDF membranes were incubated overnight with primary antibodies diluted in blocking buffer at 4°C. PVDF membranes were washed with TBST for three times and incubated with secondary antibodies conjugated with HRP for 1 hour at room temperature. After washing, PVDF membranes were incubated with enhanced chemiluminescence Plus Western Blotting Substrate (32132; Thermo Fisher Scientific) to detect protein bands with the platform of ImageQuant-LAS-4000 instrument (GE Healthcare, Chicago, IL, USA). The intensity of protein bands was analyzed by ImageJ software.
intracellular ROs measurement
After treatment, cells were washed with PBS for three times and harvested in tubes. For measuring ROS level, cells were treated with 10 µM H2DCFH-DA for 30 minutes in the dark, followed by two times washing with PBS. The reduced H2DCF-DA is oxidized and converted into fluorescent DCF-DA by intracellular ROS. The fluorescent signals were quantified by flow cytometry analysis (FACSCalibur Flow Cytometer; BD Biosciences). Roughly 10,000 cells were analyzed per sample. Data were analyzed using the Flowjo software (Treestar).
Retroviral infections
Retroviral constructs expressing human thioredoxin were constructed by inserting human thioredoxin cDNA into the pMIG retroviral vector. The pMIG retroviral vectors encoding shRNA against thioredoxin were also constructed. Viruses were generated in HEK293T cells by transfecting with viral constructs together with gag-pol and env (VSVG) package vectors using Lipofectamine 2000 (Invitrogen) according to manufacturers' instructions. Meanwhile, viruses containing pMIG retroviral empty vectors were generated. Viral supernatants were harvested 48 hours after transfection and filtered through 0.45 mM strainer. HL60 cell line was infected with retroviral solution for 24 hours. After cell expansion, the stably pMIG-infected cells were isolated using flow cytometry analysis according to green fluorescent protein expression.
statistical analysis
All data are expressed as means ± SD. The statistical analyses were performed by unpaired Student's t-test with Prism 6 software. Differences are considered significant when P-values are <0.05.
Results
hhT and eTP exhibit synergistic cytotoxicity in aMl cells
HHT and ETP are cytotoxic reagents for AML cells. 21, 22 To test whether HHT and ETP have synergistic cytotoxicity in AML cells, the chemosensitive AML model cell lines (THP1 and HL60) were treated with HHT and ETP alone or in combination (10/1 and 20/2, nM/µM) for 48 hours. As expected, the trypan blue exclusion assay showed a dose-dependent decease of cell viability by treatment of HHT and ETP alone ( Figure 1A ). More importantly, the combination treatment exhibited a stark synergistic effect on reducing the cell viability of both THP1 and HL60 cells ( Figure 1A ), suggesting synergistic cytotoxicity in AML cell lines. Analysis of apoptosis using annexin-V/propidium iodide double staining found that the combination treatment of HHT and ETP enhanced their apoptosis-inducing effect on HL60 cells ( Figure 1B ). Moreover, their synergistic effect on apoptosis was further confirmed by the increased expressions of cleaved caspase-9 and cleaved caspase-3, as shown by Western blotting analysis ( Figure 1C ). Thus, these data demonstrate that HHT and ETP display synergistic cytotoxicity in AML cell lines.
To broaden this finding, we utilized primary AML cells from newly diagnosed patients with AML (denoted as AML-1, AML-2, and AML-3). Similar to AML cell lines, HHT and ETP manifested synergistic cytotoxicity in these primary AML cells, as shown by enhanced decrease of cell viability ( Figure  1D ). Since AML-2 displayed the optimal synergistic cytotoxicity effect among three clinical samples, we therefore focused on utilizing it for further analyses. The synergistic cytotoxicity of HHT and ETP in AML-2 cells was further validated by the enhanced apoptosis ( Figure 1E, F The generation of ROS is a key element for ETP cytotoxicity, and studies have shown that the oncogenic Akt, 23 PKCδ, 24 and curcumin 25 enhance ETP cytotoxicity through ROS-mediated damage. Intriguingly, we found that the combination treatment of HHT and ETP synergistically elevated ROS generation in HL60 (Figure 2A ) and THP1 ( Figure 2B ) cell lines, as well as in primary AML cells, as measured by a fluorescence assay (DCFH-DA; Figure 2C ). Consistent with a previous report that leukemic cells respond to HHT-specific cellular stress via an ROS-independent apoptotic pathway, 26 we noticed that HHT treatment alone had no obvious effect on ROS level in these AML cells, and different from HHT treatment, ETP alone caused an elevated ROS generation (Figure 2A-C) . Together, these observations suggest that the induced elevation of ROS level in AML cells treated with the combination of HHT and ETP is due to the promotive role of HHT in amplifying the ROS-inducing effect of ETP.
elevated ROs generation is critical for synergistic cytotoxicity of hhT and eTP in aMl cells
The excessive generation of ROS results in oxidative stress and induces cell death via caspase activation. 27 To examine whether the elevated ROS generation contributes to the synergistic cytotoxicity of HHT and ETP in AML cells, we employed NAC, an effective scavenger of intracellular ROS, 28 to treat AML cells. The elimination of ROS by NAC was highly effective in AML cells treated with ETP or in combination with HHT ( Figure 3A) . Along with the eliminated ROS generation, the enhanced decrease of cell viability by the combination treatment of HHT and ETP was substantially recovered ( Figure  3B ). Of note, ROS elimination did not completely erase the synergistic cytotoxicity, suggesting that other mechanisms may exist. In any case, these data indicate that the promoted elevation of ROS generation by HHT is a critical contributor to their synergistic cytotoxicity. In agreement with the result of cell viability, NAC addition largely reversed the increased 
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Zhang et al expressions of cleaved caspase-9 and cleaved caspase-3 in HL60 cells treated with the combination of ETP and HHT ( Figure 3C ). Except for HL60 cells, similar results were obtained in primary AML cells when ROS was eliminated by NAC treatment (Figure 3D-F) . Collectively, these findings show that HHT-elevated ROS generation plays a critical role in the synergistic cytotoxicity of HHT and ETP in AML cells.
hhT causes elevated ROs generation by reducing thioredoxin
The oxidative stress derives from an imbalance between ROS generation and antioxidant defenses. There are plenty of antioxidant molecules acting to detoxify excessive ROS, including thioredoxins, glutaredoxins, peroxiredoxins, and others. 29 HHT has been shown to inhibit protein synthesis by preventing the binding of aminoacyl-tRNAs to peptidyltransferase A-site cleft in the ribosome. 30 Besides, one proteomic study has reported that HHT treatment reduces thioredoxin level in K562 cells. 31 To gain insight into the mechanism by which HHT promotes ETP-induced ROS generation in AML cells, we investigated the possible role of thioredoxin involved in this scenario. We found that ETP treatment alone induced thioredoxin expression in AML cell lines and primary AML cells; however, this was inhibited when combinatorially treated with HHT ( Figure 4A ), implying that HHT may inhibit thioredoxin-mediated antioxidant 
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Zhang et al defense against ETP-induced ROS generation. To test this possibility, we overexpressed thioredoxin in HL60 cells to overcome the decreasing effect of HHT on its expression ( Figure 4B ). Astonishingly, when thioredoxin was restored in HHT-treated HL60 cells, the elevated ROS generation was totally recovered to the basal level ( Figure 4C ), mimicking the treatment of NAC ( Figure 3A) . This suggests that the reduced level of thioredoxin by HHT accounts for the promoted generation of ROS in ETP-treated AML cells. Functionally, thioredoxin restoration in HHT-treated HL60 cells remarkably recovered the decreased cell viability by combinatory treatment of HHT and ETP ( Figure 4D ), therefore establishing a causal link between suppressed thioredoxin-mediated antioxidant defense and the synergistic cytotoxicity of HHT and ETP in AML cells.
Disabling thioredoxin-mediated antioxidant defense sensitizes aMl to eTP
To further reinforce the importance of thioredoxin-mediated antioxidant defense in protecting against oxidative insults caused by ETP-induced ROS generation, we depleted thioredoxin in HL60 cells treated with or without ETP ( Figure  5A ). Phenocopying HHT treatment, thioredoxin depletion increased the ETP-induced ROS generation ( Figure 5B ) and resulted in enhanced decrease of cell viability ( Figure  5C ). Taken together, these lines of evidence indicate that the thioredoxin-mediated antioxidant defense is important for detoxifying ETP-induced ROS generation, and that HHT reduces thioredoxin, thereby disrupting this antioxidant defense and augmenting the oxidative insults, which could at least partly explain the synergistic cytotoxicity of HHT and ETP in AML cells ( Figure 5D ).
Discussion
To date, for the front-line treatment of AML, the orthodox chemotherapeutic drugs remain the standard therapy, including the options of Ara-C, anthracyclin, and ETP. However, the treatment efficacy of chemotherapeutic drugs still requires improvement, since the frequently emerging drug resistance induces disease relapses that eventually result in a relatively poor long-term overall remission rate. 32 Recent studies have suggested that the increased generation of ROS and an altered redox status observed in cancer cells can be exploited for therapeutic benefits. 33 High dosage of chemotherapy used in AML treatment is often accompanied by ROS-induced cytotoxicity, whereas, the upregulation of antioxidant capacity in adaptation to oxidative stress can confer drug resistance. Therefore, abrogation of this drug-resistant mechanism could have significant therapeutic implications. 34 In the present study, we show that HHT, a plant alkaloid with antileukemic activity, has synergistic cytotoxicity with ETP in AML cell lines and primary AML cells. Further mechanistic evidence demonstrates that HHT causes reduction of thioredoxin, an important element in eliminating intracellular excessive ROS, thus disrupting this antioxidant defense, which leads to promoted ROS generation and exaggerated ETP-induced oxidative insults. By using ROS scavenger NAC, we prove that this mechanism contributes to their synergistic cytotoxicity in vitro. The finding that thioredoxin knockdown enhances the sensitivity of AML to ETP further validates the important role of thioredoxin-mediated antioxidant defense in detoxifying the oxidative insults induced by ETP treatment. Thus, our study connects the synergistic cytotoxicity of HHT and ETP in AML cells to HHT-disrupted antioxidant capacity in adaptation to oxidative stress aroused by ETP, and also provides insights into a novel mechanism that underlies the antileukemic activity of HHT.
HHT is known to function as a translation inhibitor by preventing substrates from binding to the receptor site on ribosome subunit, thereby blocking chain elongation and inhibiting protein synthesis. 35, 36 The function of HHT in inhibiting protein synthesis is important for its apoptosis-inducing effect on AML cells, and HHT is even a more potent inhibitor of protein synthesis than cyclohexane. 37 In this study, we found that in AML cell lines, HL60 and THP1, and primary AML cells, HHT treatment decreased thioredoxin expression. Coincidently, it has been reported in a comparative proteomic study that in K562 CML cells, thioredoxin is also decreased by HHT treatment. 31 Although direct evidence is unavailable, we speculate that the reduction of thioredoxin upon HHT treatment is at least partially caused by inhibition of thioredoxin synthesis. Solid evidence such as from [ 3 H]Leucine incorporation assay is preferably needed to demonstrate this issue. In addition to this mechanism that could explain the reduction of thioredoxin, the regulation by DJ-1 may also be involved in this process. DJ-1 is an antioxidant protein that induces thioredoxin expression via Nrf2-mediated transcriptional induction, and when DJ-1 is lost, the expression of thioredoxin is accordingly downregulated.
38,39 DJ-1 has also been reported to be decreased by HHT treatment. 31 Therefore, the reduction of thioredoxin in response to HHT treatment may be due to inhibited protein synthesis and deficiency of positive regulation by DJ-1. thioredoxin, since the restoration of thioredoxin by enforced overexpression can completely eliminate the excessive ROS, even though DJ-1 is also decreased. The irrelevance of DJ-1 observed in this condition may be associated with the mechanism that the antioxidant function exerted by DJ-1 is dependent on increasing Trx1 expression. 38 Given the important role of Trx1 in eliminating the excessive ROS induced by HHT, it could be deduced that DJ-1/Nrf2 may also be associated with this process. It is worth noting that HHT treatment alone could not cause ROS elevation in AML cells. This suggests that oxidative insults are not responsible for its antileukemic activity when HHT is administrated alone. However, this seems paradoxical, because the basal level of thioredoxin is decreased by HHT ( Figure 4A ). We guess that when AML cells are not subjected to oxidative stress environment, the function of thioredoxin may be in surplus, and the ROS level can achieve homeostasis status by the compensation from other antioxidant machineries, such as glutathione-and Nrf2-mediated responses. 40 Whereas, when AML cells are exposed to ROS-inducing stimuli, like ETP, the oxidative stress would overwhelm the antioxidant ability of cells when thioredoxin is insufficient. This is much possible, since we observed that HHT only elevated ROS generation in ETP-treated AML cells. Moreover, the possibility that other antioxidant molecules, such as glutaredoxins and peroxiredoxins, may be involved in the synergistic effect of HHT and ETP in leukemia cannot be ruled out either, elucidating this issue could help us to fully understand the mechanism by which the antioxidant defense affects the antileukemic activity of HHT and ETP.
The synergistic cytotoxicity of HHT and ETP in AML cells is evidenced by enhanced decrease of cell viability and apoptosis. The synergistic effect is diminished when ROS is scavenged by NAC, proving that the elevated ROS is an important contributor that accounts for their synergistic cytotoxicity. On the other hand, the partial rescue effect of NAC also suggests that other mechanisms may exist. Fully addressing this question may help us to advance our understanding of the regulation of synergistic cytotoxicity of HHT and ETP in AML cells. It is well known that the excessive ROS causes damage to cellular components, such as proteins, nucleic acids, lipids, membranes, and organelles, which leads to the activation of main pathways of apoptotic cell death mediated by mitochondria, death receptors, and the endoplasmic reticulum. 41 As shown by our evidence, the cleaved caspase-9 and cleaved caspase-3 are increased, indicating the activation of apoptotic protease cascade. However, how exactly the HHT-elevated ROS in ETP-treated AML cells causes apoptosis and whether other forms of cell death are simultaneously induced need further investigations. On the other hand, one caveat is that the examined sample size of primary and cell lines of AML is limited, and more evidence from studies with larger sample size is warranted to consolidate our findings in the future.
At last, the enhanced cytotoxicity of ETP in AML cells by the disruption of thioredoxin-mediated antioxidant defense through either HHT treatment or direct depletion of thioredoxin may highlight the importance of targeting this protective mechanism in AML cells in optimizing the therapeutic efficacy or overcoming the drug resistance to ETP. Additionally, our study provides a foundation of using HHT as an adjuvant to ETP for treating AML or even ETPresistant AML.
